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ABSTRACT 
 
In order to answer questions that involve multiple and potentially interacting 
hydrological flowpaths, multiple tracers with identical transport properties that can 
nonetheless be distinguished from each other are required. This thesis describes the 
development and proof of concept of a new kind of engineered tracer system that 
allows a large number of individual tracers to be simultaneously distinguished from 
one another.  This new tracer is composed of polylactic acid (PLA) microspheres into 
which short strands of synthetic DNA and paramagnetic iron oxide nanoparticles are 
incorporated. The synthetic DNA serves as the “label” or “tag” in our tracers that 
allow us to distinguish one tracer from another and paramagnetic iron oxide 
nanoparticles are included in the tracer to facilitate magnetic concentration of the 
tracers in water samples.  The potential advantages of this strategy compared to 
conventional tracers are the elimination of background interferences, the ability to 
segregate superimposed flowpaths through the design of strictly unique DNA tags and 
the biodegradability of the tracers.   
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DNA-BASED HYDROLOGICAL TRACERS: PROOF OF CONCEPT 
 
INTRODUCTION 
Tracers are used extensively in hydrology to study flowpaths, flow velocities, 
hydrodynamic dispersion (Flury and Wai. 2003) and other characteristics of water 
flow in the environment. Naturally occurring tracers such as chloride, silica, stable 
isotopes, and dissolved organic carbon have been used to identify contributions to 
streamwater from “end-members” (Christophersen and Hooper. 1992, Hooper et al. 
1990) and to distinguish among contributions attributed to different hydrological 
processes such as runoff (Burns and Kendall. 2002), shallow subsurface flow (Brown 
et al. 1999), and deep groundwater (McGuire et al. 2002). Unfortunately the ubiquity 
of these naturally occurring chemicals makes it difficult to identify a specific 
flowpath, i.e. even if such a tracer identifies overland flow, it is rarely clear where the 
overland flow originated.  
To identify flowpaths more specifically, researchers often introduce tracers that can be 
detected above the natural signals.  A variety of traditional “artificial” or researcher-
introduced tracers such as bromide (Jorgensen et al. 2004, Knopman et al. 1991), 
chloride (Dyck et al. 2003, Lautz et al. 2006), microspheres (Metge et al. 2007), and 
dyes  (Flury and Wai. 2003, Heilig et al. 2003) have been used, but the applications of 
these are usually restricted to characterizing and/or visualizing known flowpaths at 
small spatial scales such as macropores (Bouma et al. 1977) , plots (Dyck et al. 2003), 
stream reaches (Lautz et al. 2006) because they become very dilute when applied to 
large scales such as watersheds.  Moreover, watershed memory of past chemical 
inputs (Kirchner et al. 2000, Scott et al. 2001) and the sensitivity of streamwater 
chemical signals to interplay between biogeochemical and hydrological processes 
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(Hornberger et al. 2001) further complicates the use of traditional tracers. There have 
been several studies that use microorganisms (Harvey. 1997) and bacteriophages 
(Rossi et al. 1998) as tracers, however these involve limitations on size (which 
depends on the organism selected) and number of “labels” or “tags” available. 
Hydrologists have also been resourceful about using “accidental” introductions of 
pollutant tracers but this approach is obviously not a reliable or versatile strategy.  
In order to answer questions that involve multiple and potentially interacting 
hydrological flowpaths, multiple tracers with identical transport properties that can 
nonetheless be distinguished from each other are required. A powerful, direct 
application of such tracers would be the identification of potential sources of so-called 
non-point source pollution. There are only a few examples of such tracer systems in 
the literature including rare earth elements (Matisoff et al. 2001, Zhang et al. 2001), 
fluorobenzoic acids-based systems (Benson and Bowman. 1994, Bowman and 
Gibbens. 1992, Dahan et al. 1999, Jaynes. 1994, Kung et al. 2000), and DNA based 
systems (Mahler et al. 1998, Sabir et al. 1999).  The fluorobenzoic acids based system, 
while effective, has only a limited number (<10) of uniquely detectable tracers and is 
expensive (Kung et al. 2000). Moreover, their retardation and degradation rates are not 
identical (Bowman and Gibbens. 1992, Jaynes. 1994). The rare earth element based 
system is likewise hindered by a limited number of unique tracers, a.k.a. tags, and the 
densities of the different tags are both different from each other as well as much 
greater than that of water (Zhang et al. 2001). Thus, rare earth metals are really most 
appropriate to investigating surface water transport of sediments.  For the DNA based 
systems, there is essentially no limitation in number of unique tracers (or tags), nor 
substantial differences in retardation and degradation rates. Mahler et al. (Mahler et al. 
1998) attached synthetic DNA strands to silica and montmorillonite clay and measured 
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the DNA concentration on the particles and in the supernatant over a three week 
period. No further studies were done with this system.  Sabir et al. (Sabir et al. 1999) 
used DNA not bound to any material in a 12 m forced gradient steady state field 
experiment. Colleuille and Kitterod (Colleuille and Kitterod. 1998) used five naked 
(not attached to anything) DNA “tags” along with other methods to determine the 
potential source of a contamination incident in a municipality production well in 
Norway.  
We propose using biotechnology to develop an engineered tracer system that allows a 
large number of individual tracers to be simultaneously distinguished from one 
another (i.e., has a large number of potential “labels” or “tags”), can potentially be 
applied to watershed-scale systems (i.e., has a low detection limit) is not prohibitively 
expensive, is environmentally safe and will eventually degrade.  This article describes 
our progress in developing this system, some preliminary or proof-of-concept studies, 
and the next steps required to make this system reliable.  Specifically, we demonstrate 
that the tracers are fabricated as we envision, test a system for concentrating the 
tracers, and run two small-scale, proof-of-concept experiments. 
 
DNA-based Microtracer Concept 
Our new tracer is composed of polylactic acid (PLA) microspheres into which short 
strands of synthetic DNA and paramagnetic iron oxide nanoparticles are incorporated.  
PLA is a polymer used here to bundle the DNA and magnetic nanoparticles into 
uniform and highly controllable nano- or mico-spheres.  PLA is approved by the US 
Food and Drug Administration for medical applications and is commonly used in 
medical sutures and sustained release drug delivery systems (Luo et al. 1999). 
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Recently it has also been used in compostable food containers.  One attractive 
property of PLA is that it tends to degrade over several weeks to months (Beck et al. 
1979).  The time required depends on several factors and can be somewhat controlled 
by manipulating the composition of the polymer via additives (Anderson and Shive. 
1997)   Therefore, PLA has the advantage of being biodegradable, so that it will 
neither pollute the environment nor hinder future experiments with its persistence, 
while also lasting long enough for the purposes of many hydrological investigations.  
The synthetic DNA serves as the “label” or “tag” in our tracers that allow us to 
distinguish one tracer from another.  The strands of DNA are typically about 100 bases 
in length. This makes their design and detection relatively simple. One advantage of 
using DNA as the tracer “tag” is that there are effectively limitless unique tags.  
Specifically, since DNA is a polymer made of four different monomers, for a strand of 
100 bases, the number of unique sequences is 4100 or 1.61 x 1060.  Another advantage 
of DNA is that it allows us to use powerful biotechnology tools to “read” the tags.  
The Polymerase Chain Reaction (PCR) and quantitative PCR (qPCR) are highly 
sensitive and can detect DNA in even very dilute quantities.  PCR generally indicates 
the presence or absence of a specific DNA sequence and qPCR allows us to quantify 
the number of specific DNA strands.  Since the DNA strands are synthetic, that is not 
derived from the genome of any organism, they do not have genetic functionality.  
There is sometimes public concern about introducing DNA into the environment, 
probably due to misconceptions about biotechnology in general.  People fail to 
recognize that DNA is ubiquitous and we all introduce copious amounts of it into the 
environment every day.  Even so, should concerns persist, we could use segments of 
uncommon DNA for our tags; for example, in the Northeastern US, we could develop 
tags based on palm DNA since palm trees are rare in that environment. 
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Paramagnetic iron oxide nanoparticles are included in the tracer to facilitate magnetic 
concentration of the tracers in water samples.  This could be important when the 
tracers are applied to watershed-scale systems because we anticipate that the tracers 
will become very dilute.  Paramagnetic iron oxide particles are being studied for a 
range of biomedical applications including as contrast agents in MRI, in magnetic 
separation, in targeted drug delivery, and treatment of tumors by hypothermia 
(Pankhurst et al. 2003). Thus, we expect that there are low health-risks in our 
application of this material. 
 
MATERIALS AND METHODS 
The process for fabricating the tracers is described in the Appendix to this article.  
 
A. Verifying Tracer Fabrication 
 
Scanning Electron Microscopy 
The external structure of the tracers was observed using a Leica Stereoscan 440 
Scanning Electron Microscope (SEM). The tracers were mounted on an aluminum 
stub with double sided carbon tape. A Denton Vacuum Desk II sputter coater was used 
to coat the sample with a film of palladium/gold. The coated sample was observed 
under an accelerating voltage of 25 kV. 
 
Transmission Electron Microscopy 
The tracers were observed under a FEI Tecnai T-12 Transmission Electron 
Microscope (TEM) to ascertain incorporation of iron oxide nanoparticles. A small 
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drop of 1 mg/mL tracer suspension was placed on a TEM grid and allowed to air-dry 
before observation.  
 
Dynamic Light Scattering 
Dynamic light scattering (DLS) was used to determine the size distribution of the 
tracers. A small drop of 1 mg/mL sample was added to a sample vial filled with 12 mL 
of water. The sample was subject to dynamic light scattering on a Brookhaven 
Instruments BI-200 SM Research Goniometer and Laser Light Scattering System to 
estimate the size distribution of the microspheres.  
 
B. Tracer Recovery and Quantification 
 
DNA Quantification 
Using DNA for our tracer tags allows us to utilize the power of qPCR to identify and 
quantify our tracers.  To do this, the tracers were first dissolved in chloroform to 
release the DNA from the PLA microsphere. To 150 – 200 µL of the sample, an equal 
volume of chloroform was added. The mixture was vortexed briefly and allowed to 
stand for 10 minutes. After 10 minutes of standing, the mixture was centrifuged. The 
aqueous supernatant which contained the DNA was removed using a pipette and was 
stored at -20 °C till QPCR was performed. QPCR was performed on a Cepheid Smart 
Cycler II system using the Invitrogen SYBR GreenER qPCR Master Mix and a 25 µL 
total reaction volume per sample.  
 
Magnetization Measurement 
To test the efficiency of the encapsulated paramagnetic nanoparticles magnetic 
hysteresis curves of both the iron oxide nanoparticles and the microspheres was 
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measured using a vibrating sample magnetometer (VSM). Twelve 1.5 ml 
microcentrifuge tubes each containing 1300 µL iron oxide suspension were 
centrifuged at 8500 rpm for 10 minutes. There was little or no settling. The samples 
were then halved in volume and 650 µL of acetone was added to each of the 24 
microcentrifuge tubes. The samples were centrifuged at 8500 rpm for 10 minutes. The 
supernatant (acetone containing oleic acid) was discarded. The samples were dried at 
45 °C for approximately 20 minutes in the Vacufuge (Eppendorf). Samples appeared 
“sticky” even after drying. They were stored at 4°C for approximately 44 hours. 
Subsequently 300 µL acetone was added to each of the samples. They were 
centrifuged at 8500 rpm for 10 minutes and the supernatant discarded. The samples 
were dried at 30 °C for 15 minutes in the Vacufuge. Samples appeared less sticky but 
appeared to have white patches, presumably of oleic acid. Unlike the iron oxide 
nanoparticles, the microsphere samples for magnetization measurement were not 
subject to any special treatment. 
 
Magnetic Separation Experiment 
Serial suspensions (concentrations ranging from 1 g/L to 0.01 mg/L) of the 
microspheres were made for the magnetic separation experiments; 1.5 ml of each 
sample was dispensed into a 1.7 ml microcentrifuge tube. The microcentrifuge tube 
was placed against a magnet at a location where the magnetic field was at its 
maximum. The magnets used were rare earth Neodymium Boron magnets sealed in 
Stainless Steel (Eclipse Magnetics, SR240SHS) with a maximum field of ~7600 G 
(measured by Alphalab, Inc. Model 1 gaussmeter) on the surface. These were kindly 
lent to us by Dr. Adrian Collins of ADAS, United Kingdom, Ltd.  The tubes were left 
against the magnets overnight. With the tube still against the magnet, 1.4 ml of the 
“supernatant” was carefully pipetted out without touching the wall of tube closest to 
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the magnet. 50 µL of water was added to the remaining water and tracers (the 
“concentrate”). QPCR was conducted on both the supernatant as well as the 
concentrate. Controls were subject to the same procedure except they were not in 
contact with the magnet. 
 
C. Proof-of-Concept Experiments 
For our initial tracer experiments, we chose two almost trivial systems that represent 
common hydrological situations.  A column experiment was run to test the tracers in 
porous media similar to a soil or groundwater systems and a plot experiment was 
executed to test the tracers in an overland flow situation. 
 
Column Experiment 
A Chromaflex column from Kontes, 2.54 cm diameter and 30.5 cm tall, was filled 
with quartz sand of grade 12/20 (Unimin Corporation) to a height of 24.5 cm. Water was 
pumped to the top of the column using a Masterflex Easy-Load II LS peristaltic pump from 
Cole Parmer (model 77200-50) with Masterflex 06419-13 (L/S-13) tygon tubing at a flow rate 
of 0.111 mL/s which kept the column under saturation for the duration of the experiment. The 
column was first adjusted to a steady-state flow of water, and then switched to tracer solution.  
The concentrations of tracer solution used was 0.1 g/L . At 31.5 minutes, the input was 
switched back to water.  Samples were collected at every 2-3 minutes, and subsequently 
analyzed with qPCR.   
 
Plot Experiment 
The plot experiment allowed us to scale-up our tracer application by approximately an 
order of magnitude relative to the column experiments (Figure 1). We chose to run the 
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experiments on an asphalt surface to avoid the complexities of porous media while 
maintaining some degree of non-idealized conditions.  Approximately 400 mg of each 
tracer (Tags 1 and 2) dissolved in 200 ml of water were used.  First a steady stream 
with a velocity of 0.067 m/s was established at the outlet. Tags 1 and 2 were 
simultaneously and instantaneously introduced 1.05 m and 2.2 m respectively from the 
outlet. Samples were continuously collected in 100 ml sample bottles for 269 seconds. 
While the attempt was made to ensure continuous sampling, some sample was lost 
between sample bottles. qPCR was conducted on even-numbered samples.  
 
 
 
Figure 1: Plot Experiment Schematic. The tracers were applied simultaneously 
and instantaneously in a flow of velocity 0.067 m/s.  
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RESULTS AND DISCUSSION 
 
A. Verifying Tracer Fabrication 
 
In the SEM observations (Figure 2), the microspheres appear smooth; a range of sizes  
is seen, but most tracers appear to be a few hundred nm across. Figure 3 shows the 
results of the DLS measurements; the mean microsphere size was measured as 586.2 
nm. While a narrower size distribution may be desired for future experiments, and 
may be obtained by other methods for making the microspheres, the available size 
distribution was deemed satisfactory for the preliminary experiments described here.  
 
 
Figure 2: Representative SEM image of microspheres: the microspheres appear 
smooth and are mostly a few hundred nanometers in diameter. 
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Figure 3: Distribution of microsphere size, as measured by DLS. The mean of the 
distribution is 586.2 nm. 
 
TEM images revealed that the iron nanoparticles were incorporated in the 
microspheres (Figure 4). The magnetic hysteresis curves for the iron nanoparticles and 
 
Figure 4: Representative TEM image of a microsphere: dark inclusions of iron 
oxide nanoparticles are seen. 
Iron oxide 
nanoparticles 
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microspheres are shown in Figure 5. As expected, the curves show that the  
 
Figure 5: Hysteresis curve for (a) iron oxide nanoparticles and (b) PLA 
microspheres with iron oxide nanoparticles. 
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microspheres have no magnetization when no field is applied, but are magnetized in 
the presence of an external magnetic field.  It is especially important that they have no 
magnetization in the absence of a magnetic field or they would potentially be attracted 
to naturally-occuring iron in the environment.  For the iron oxide nanoparticles alone, 
the maximum magnetization was 57 emu/g. For the microspheres, the maximum 
magnetization was 2.6 emu/g at 15 kOe.  A higher loading of iron oxide nanoparticles 
in the tracers would have given a higher maximum magnetization and may be 
explored in future, but even this level gave a good separation. 
 
B. Tracer Recovery and Quantification 
The magnetic separation experiment also verified the incorporation of the iron oxide 
nanoparticles in the tracers. Briefly, little or no DNA was found in the supernatant. 
Moreover, in the high concentration samples, the tracers were all observed to have 
aggregated close to the magnet while the supernatant remained clear. Unlike in the 
controls, there was no settling at the bottom of the tube.  Table 1 shows the results of  
 
Table 1: Results of magnetic separation experiment; the second and third 
columns refer to concentration of DNA in the concentrate obtained by magnetic 
separation and gravity separation respectively versus that in the original 
suspension. 
 
Concentration 
(g/L) 
Concentrate (magnetic 
separation)/Original 
Concentrate (gravity 
separation)/Original 
1 5.8 3.4 
10-1 5.8 2.9 
10-2 10.6 2.2 
10-3 15.0 4.5 
10-4 7.4 1.2 
10-5 7.2 2.5 
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the magnetic separation experiment. Magnetic separation concentrates the  
microspheres five- to seven-fold. While gravity for the same period of time also does 
concentrate the microspheres, the magnetic separation is in general at least twice as 
effective in concentrating the microspheres.  
C. Proof-of-Concept Experiments 
Column Experiment 
The results of the qPCR on the samples from column experiment are shown in Figure 
6. The data agree well with a simple one dimensional advection dispersion model with 
a dispersion coefficient of 0.39  m2/h.  In the case of this sand column, the tracers  
 
 
Figure 6: Breakthrough curve for column experiment. The black diamonds are 
data; the dark gray line represents a simple advection dispersion model for the 
same system, with a dispersion coefficient of 0.039 m2/h. 
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moved at the same speed as the water.  The next step is to use soil columns with 
regions of variable porosity and eventually of undisturbed soil to see the degree to 
which the tracers favor preferential flow paths.  For this proof-of-concept, however, 
we only wanted to demonstrate that the tracers would move through porous media in a 
reasonably well-behaved fashion.  We acknowledge that there is substantial scatter in 
our data, but we speculate that this can be reduced as we perfect our qPCR technique. 
 
Plot Experiment 
The results of QPCR on the samples from the plot experiment are shown in Figure 7.  
 
Figure 7: Result of plot experiment. Red circles are Tag 1 data; green squares are 
Tag 2 data; the red line represents the model for Tag 1; the green line represents 
the same model for Tag 2.   
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The data agree reasonably well with a simple one dimensional advection dispersion 
model with a loss factor: 
𝐶𝐶 = 1
𝐾𝐾
𝑀𝑀2√𝜋𝜋𝜋𝜋𝜋𝜋 𝑒𝑒−� 𝑋𝑋24𝜋𝜋𝜋𝜋� 
where C is the concentration, K is a loss factor, M is the total mass introduced, t is 
time, D is the dispersion coefficient, and X is the distance from the center of the mass. 
Here D is 0.005 m2/s and K is 6.6. The differences between the data and model can be 
partially explained by the fact that qPCR was not as reliable for Tag 1 as it was for 
Tag 2. Some error could also have been introduced due to the difficulty of taking 
accurate time measurements at a frequency of a few seconds. 
 
The high K implies that there is high degree of settling of the tracers, presumably 
immediately after application. We speculate that this occurred because of aggregation 
of the tracers due to the high concentration of the input tracer suspension. Note, we 
added extra high quantities in this plot experiment because we were concerned about 
losing them in the rough surface.  Originally we assumed there would be some loss of 
tracers as they were trapped and released from the surface similar to Shaw et al. (Shaw 
et al. 2009).  However, the observed behavior was clearly inconsistent with a model 
that included a decay term.  For this experimental set-up, the recovered tracers were 
subjected only to advection and disperssion.  Furthermore, advection was at the same 
speed as the flowing water and dispersion was the same for both tracers.  In short, we 
demonstrate that we can fabricate distinguishable tracers that have identical transport 
properties. 
 
The next field demonstration steps are to run plot scale experiments under rainfall 
conditions on both impermeable (asphalt) and permeable (soil) surfaces.  A small 
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watershed (10 ha) has been instrumented for a larger scale experiment in the near 
future. 
 
CONCLUSIONS 
 
These preliminary experiments show encouraging potential for this new tracer system. 
There are currently some uncertainties in the process of making the microspheres, 
including variability of incorporation of DNA and iron oxide nanoparticles in the 
tracers, and some loss at each washing step. Some iron oxide nanoparticles could 
additionally have been lost due to attraction to the magnetic stir bar. These processes 
can however be standardized to a large extent with more sophisticated equipment, 
resulting in more consistent microspheres with a higher load of DNA as well as iron 
oxide nanoparticles. We also need to find ways of scaling-up and speeding-up the 
process of making the tracers; the current method is somewhat labor intensive. 
 
The magnetic separation needs to be improved for more effective concentration of the 
tracers. Part of this may be achieved by encapsulating more iron oxide into the tracers 
and part might require experimenting with different magnet-sample systems.  The 
qPCR detection may likewise be automated and refined to improve consistency of 
quantification and speed of processing samples. Most of all, we think that better 
designs of tags and corresponding primers will lower our detection limits and make 
our quantification more precise.  
 
The focus of future application studies will include running experiments with different 
tracer sizes, exploring transport in more complex porous media and scaling up field 
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experiments to more complicated conditions.  The experiments described here prove 
the concept, and justify further experiments using this system.  
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APPENDIX: Fabricating Tracers 
Synthetic DNA Strands 
Synthetic DNA was ordered from IDT DNA (Coralville, Iowa, USA).  In this study, 
two types of DNA strands were used. The first (Tag 1) was designed using primer 
sequences from Clelland et al. (Clelland et al. 1999)and the sequence in between the 
primers reading “AboveUs Only Sky” using the cryptographic simple substitution 
code from the same reference. The second (Tag 2) was designed by first generating 
random 200 base sequences using freely available software on the GeneDesign 
Random DNA generator (http://baderlab.bme.jhu.edu/cgi-bin/gd/gdRandDNA.cgi). 
The IDT DNA PrimerQuest Tool 
(http://www.idtdna.com/Scitools/Applications/Primerquest/) was then used on each of 
these 200 base random sequence to determine a 100 base sequence for which primers 
had close melting temperatures which were between 55 and 60 °C.  
Paramagnetic Iron Oxide Nanoparticles 
Paramagnetic iron oxide nanoparticles were made using the method described in Liu 
et al.(Liu et al. 2006).  Briefly, 1.16 g of FeCl3.6H20 and 0.43 g of FeCl2.4H20 were 
dissolved in 40 ml of water under argon gas with vigorous stirring at 90 °C. 1.5 ml of 
20% NH4OH was added to the solution, followed by 0.9 ml of oleic acid which was 
added dropwise. Unlike in Liu et al., the solution did not separate and was used as a 
whole in further steps.  
Microspheres 
Microspheres are made using the double emulsion method commonly used for studies 
on sustained release drugs. Briefly, 4 ml of dichloromethane is added to approximately 
200 mg of PLA to dissolve it. Nature Works PLA 3251D was a gift from Jamplast, 
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Inc. Once dissolved 50 uL of (nM DNA), 50 uL of the iron oxide suspension made as 
described above and 4 ml of 1% Polyvinyl acetate (PVA) are added. The mixture is 
briefly vortexed, and then homogenized for 90 seconds. The emulsion so created is 
added to 100 ml of 0.3 % PVA stirring at 550 rpm. After 3.5 hours of stirring, the 
suspension is vortexed at 4000 rpm for 15 minutes and the supernatant removed. The 
pellet is washed using water twice. After the second wash, the supernatant is discarded 
and the centrifuge tube containing the pellet is kept at -80 ° C overnight. The pellet is 
then lyophilized overnight. This is stored at 4 °C till further use.  
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